Recent reports based on a chemiluminescent enzymatic assay for detection of adenosine conclude that cultured astrocytes release adenosine during mildly hypoxic conditions. If so, astrocytes may suppress neural activity in early stages of hypoxia. The aim of this study was to reevaluate the observation using high-performance liquid chromatography (HPLC). The HPLC analysis showed that exposure to 20 or 120 minutes of mild hypoxia failed to increase release of adenosine triphosphate (ATP), adenosine diphosphate (ADP), adenosine monophosphate (AMP), and adenosine from cultured astrocytes. Similar results were obtained using a chemiluminescent enzymatic assay. Moreover, since the chemiluminescent enzymatic assay relies on hydrogen peroxide generation, release of free-radical scavengers from hypoxic cells can interfere with the assay. Accordingly, adenosine added to samples collected from hypoxic cultures could not be detected using the chemiluminescent enzymatic assay. Furthermore, addition of free-radical scavengers sharply reduced the sensitivity of adenosine detection. Conversely, use of a singlestep assay inflated measured values due to the inability of the assay to distinguish adenosine and its metabolite inosine. These results show that cultured astrocytes do not release adenosine during mild hypoxia, an observation consistent with their high resistance to hypoxia.
Introduction
Adenosine is a potent inhibitory modulator that acts via presynaptic and postsynaptic A1 receptors to suppress excitatory, but not inhibitory, transmission (Dunwiddie and Masino, 2001) . Adenosine is released in response to metabolic disturbances, such as hypoxia or ischemia, and during periods of intense neuronal activity (Higgins et al, 1994) . Efflux of adenosine is facilitated by equilibrative adenosine transporters and is traditionally viewed as an autocrine protective mechanism that reduces neural activity when the cytosolic adenosine concentration is rising (Brundege and Dunwiddie, 1997) . A study showed that ischemic conditions induced adenosine release from neurons but not from astrocytes (Parkinson et al, 2002) . However, more recent observations suggest that cultured astrocytes are also sensitive to hypoxia and release adenosine in response to mild hypoxia. These observations are of potential importance, because astrocytic adenosine release may control excitatory transmission (Martin et al, 2007) . Nevertheless, it is a concern that data on adenosine release from astrocytes have been collected using a chemiluminescent assay that heavily depends on serial enzymatic reactions and nonlinear generation of photons (Kather et al, 1987; Martin et al, 2007) . In the present study, we directly compared astrocytic adenosine release using the chemiluminescent enzymatic assay and high-performance liquid chromatography (HPLC; Goldman et al, 2010) . We found that the chemiluminescent assay could lead to inaccurate measurements due to the presence of compound(s) that interfered with the enzymatic steps or due to the reactions to the adenosine metabolites, rendering the detection of adenosine using this method unreliable. Furthermore, our HPLC results showed that mild hypoxia failed to increase the release of adenosine and adenine nucleotides from cultured astrocytes. Based on these observations, we conclude that astrocytes are not a source of adenosine during mildly hypoxic conditions.
Materials and methods

Cell Culture Conditions
Primary neocortical astrocyte cultures were prepared from P0-2 Wistar rat pups (Taconics) as previously described (Lin et al, 1998) . Briefly, dissociated cells were plated on culture flasks and maintained in DMEM/F12 containing 10% fetal bovine serum, 100 IU/mL penicillin and 100 mg/ mL streptomycin (5% CO 2 /95% air, 371C). Astrocytes were subcultured on 12-well or 24-well plates for subsequent chemiluminescence assay and HPLC analysis, respectively. A C6 glioma cell line was kept in identical conditions and used for a subset of experiments. For experiments, cultures underwent five half-washes with artificial cerebrospinal fluid (in mmol/L: NaCl 124, KCl 2.5, NaH 2 PO 4 1.25, CaCl 2 2, MgSO 4 1, NaHCO 3 26) either with 10 mmol/L glucose or without glucose. For the chemiluminescent assay, those with glucose were placed back in their home incubator. Those without glucose were placed in a hypoxic incubator at 371C with 95% N 2 and 5% CO 2 for either 20 or 60 minutes. After the allotted time, the supernatants from the wells were removed and plated in white, opaque 96well plates for chemiluminescent assay. For HPLC analysis, the cells were incubated in normoxic (95% air, 5% CO 2 ) or hypoxic (95% N 2 , 5% CO 2 ) chamber for either 20 or 120 minutes. All experiments were approved by the Institution of Animal Care and Use Committee of University of Rochester.
Chemiluminescent Adenosine Assay
The chemiluminescent adenosine assay depends on the degradation of adenosine into uric acid and hydrogen peroxide ( Figure 1A ). Specificity for adenosine depends on a two-step principle. A luminol buffer was mixed with 0.2 mol/L Na 2 HPO 4 , 0.2 mol/L KH 2 PO 4 , 2 mmol/L EDTA, and 2.5 mmol/L luminol (all from Sigma-Aldrich, St Louis, MO, USA). The buffer pH was adjusted to 8.4 because pilot studies indicated this was an optimal pH for assay function. All enzyme mixes were made in this buffer. The first enzyme mix contained 3 U/mL nucleoside phosphorylase (Sigma-Aldrich, catalog # N8264), 10 U/mL xanthine oxidase (Roche Applied Sciences, Indianapolis, IN, USA, catalog # 10110434001) and 3 U/mL horseradish peroxidase (Sigma-Aldrich, catalog # P6140) final concentrations. This enzyme mix was added to samples in a 1:1 ratio and the luminescence was allowed to stabilize at near-baseline levels, which usually required B30 minutes. This step was taken to represent the degradation of endogenous inosine, xanthine, hypoxanthine, and hydrogen peroxide. The second enzyme mix was the same as the first, but with the addition of adenosine deaminase (Roche Applied Sciences, catalog # 10102121001) to yield a final adenosine deaminase concentration of 5 U/mL. This second enzyme mix was added to the existing volume in the wells at a 1:2 ratio, the plate was shaken and luminescent readings were collected every second after enzyme addition for up to 60 seconds. The enzyme concentrations used were determined through pilot experiments to optimize for assay sensitivity and kinetics. All enzyme mix additions and luminescence readings were performed using a luminometer (Perkin-Elmer, Victor2, Wallac, Gaithersburg, MD, USA).
High-Performance Liquid Chromatography Analysis of Purines
The analyses were performed using CoulArray 5600A HPLC system (ESA Inc., Sunnyvale, CA, USA) and a model 526 UV detector (ESA Inc.) as previously described (Cui et al, 2009; Goldman et al, 2010) . Chromatographic separation was achieved by using a Lichrospher 100 RP-18 column (5 mm, 250 mm Â 3 mm; Merck, KGaA, Darmstadt, Germany). For measurements of samples, we used the mobile phase, which consisted of 215 mmol/L KH 2 PO 4 , 2.3 mmol/L tetrabutylammonium bisulfate, 3.2% (v/v) acetonitrile (HPLC grade) and HPLC grade water, pH 6.2. The flow rate was maintained at 0.25 mL/min. Daily calibration curves were prepared by a four point standard (3, 1, 0.3, or 0.1 mmol/L) of adenosine triphosphate (ATP), adenosine triphosphate (ADP), adenosine monophosphate (AMP), adenosine, inosine and IMP in 0.4 mol/L perchloric acid, respectively. Eluted purines were detected at 260 nm, and the chromatographic peaks were integrated using CoulArray software (ESA Inc.).
Statistics
All data are expressed as mean values ± standard error of the mean. Significance was determined using a Student's t-test.
Results
Establishment of the Chemiluminescent Adenosine Assay
Evaluation of the potential of this assay was performed using adenosine standards dissolved in artificial cerebrospinal fluid. The hydrogen peroxide formed by sequential catabolism of purines to uric acid is detected by the oxidation of luminal in the presence of peroxidase ( Figure 1A ). We used a twostep procedure to determine adenosine concentration, selectively. In step 1, any purine lower in the catabolic sequence than adenosine was converted to uric acid by addition of enzymes except adenosine deaminase. After addition of the second enzyme mix, luminescent readings peaked in wells containing adenosine within 20 seconds, and the assay was sensitive enough to distinguish concentrations of adenosine down to 10 nmol/L ( Figure 1B) . The maximum luminescence detected from samples correlated strongly and linearly with adenosine concentrations ( Figure 1C ), so this measurement was used to generate daily standard curves from which sample adenosine concentrations could be calculated. Furthermore, when the same assay was performed using inosine standards, no signal was detected ( Figure 1C ), further supporting the conclusion that this two-step assay was specific for adenosine and not for its metabolites. This sensitivity and specificity of the assay was promising and we next proceeded to analyze samples collected from cultures.
Inherent Problem with Adenosine Detection from Hypoxic Cultures
Oxygen-glucose deprivation (OGD), a model of ischemia, is known to induce ATP (measured by luciferase ATP assay; Liu et al, 2008) and adenosine (measured by thin layer chromatography; Parkinson and Xiong, 2004) release from cultured astrocytes. To confirm these observations by using this assay, astrocyte cultures were exposed to 20 and 60 minutes of OGD. Unexpectedly, OGD failed to induce an increase in adenosine concentrations ( Figure 1D ). Given the very low signal obtained and the slight decrease in luminescence from OGD samples, we suspected the assay was not functioning properly with samples collected from cultured cells. In confirmation, the assay was unable to detect 500 nmol/L adenosine spiked into samples drawn from 20 and 60 minutes of OGD, whereas 500 nmol/L adenosine in calibration solutions was clearly within the sensitivity of this assay (Figure 2A) .
One possibility is that free-radical scavengers produced by cells under stress (Griffin et al, 2005; Schroeter et al, 1999) could interfere with the hydrogen peroxide generated by the necessary assay degradation of adenosine. In support of this idea, we observed that luminescent readings from standards dissolved in buffers containing known free-radical scavengers were reduced. Addition of 10 nmol/L 17b-estradiol (Sigma-Aldrich) resulted in luminescent readings half those of scavenger-free buffers ( Figure 2B ). Other manipulations of the assay buffer including low calcium concentrations or addition of nucleotides (UTP) did not have any effect on the assay (data not shown). After these experiments, we concluded that this chemiluminescent assay is susceptible to cellular products released from hypoxic cells and unsuitable for detection of adenosine collected from biological samples.
Mild Hypoxia Did Not Induce Adenosine Release from Astrocytes
Surprisingly, studies based on the chemiluminescent assay have shown that mildly hypoxic conditions increase adenosine concentrations in astrocyte cultures (Martin et al, 2007) . In these studies, a singlestep method was used in which all enzymes were applied at once. To evaluate whether the single-step procedure accurately detected adenosine, we next evaluated this modification of the assay. Unfortunately, use of a single-step assay failed to distinguish adenosine and inosine signals (Figures 2C and 2D ) and produced distinct results as compared with the two-step procedure ( Figures 1B and 1C) . We further evaluated whether astrocytes could release adenosine in response to mildly hypoxic conditions. Figure 3A illustrates the procedure for a mildly hypoxic condition replicating the method described by Martin et al (2007) . Cells were washed with artificial cerebrospinal fluid, pH 7.4, and 24-well plates were placed into special chambers equipped with thermostat housing. Chambers were incubated at 371C under hypoxic conditions by gassing the special chamber with a gas mixture consisting of 95% N 2 , 5% CO 2 , for 0 to 120 minutes. For controls, the cultures were incubated at 371C under normoxic conditions (95% O 2 , 5% CO 2 ) for the same length of time ( Figure 3A) . Adenine nucleotides and adenosine were quantified using HPLC with ultraviolet absorbance to examine both direct adenosine release and adenosine produced by degradation of ATP in the extracellular space ( Figure 3B ). Twenty minutes of incubation in the hypoxia chamber did not trigger adenosine release (normoxia 11.69 ± 5.11 versus hypoxia 3.15 ± 2.07, respectively, P = 0.17). In addition, none of the adenine nucleotide concentrations were affected by 20 minutes of mild hypoxia exposure ( Figure 3C ). Consistently, no differences were found between 120 minutes normoxia and hypoxia in both adenine nucleotides and adenosine concentrations ( Figure 3D ). These results clearly indicate that cultured astrocytes do not release adenosine during mildly hypoxic conditions. 
Discussion
Adenosine triphosphate serves as a universal energy currency in all living organisms. Adenosine is the backbone on which the three high-energy phosphate bonds of ATP store and transport energy. When the supply of O 2 is lower than the demand, the cytosolic concentration of adenosine increases in direct proportion to a decline in ATP. Adenosine rapidly exits hypoxic cells via an equilibrative nucleoside transporter, resulting in a steady increase in the extracellular concentration of adenosine (Dunwiddie and Masino, 2001) . Essentially all cell types express adenosine receptors, which generally suppress activity and thereby preserve viability of metabolically stressed cells. The dual function of adenosine as an energy metabolite and as a transmitter provides an elegantly simple and powerful mechanism of endogenous protection. In the brain, active firing neurons will release adenosine, which binds to A1 receptors and counteracts additional neuronal firing primarily through the inhibition of presynaptic Ca 2 + channels. This effect is concomitant with hyperpolarization of the resting membrane potential by the opening of K + channels (Higgins et al, 1994) .
This study was prompted by the report that cultured astrocytes release adenosine during mildly hypoxic conditions. This observation was surprising, because cultured astrocytes are extraordinarily resistant to hypoxia and can survive for days without a significant loss of cells in oxygen-depleted conditions (Chesler, 2005) . However, if astrocytes release adenosine during mildly hypoxic condition, this mechanism could have an important neuroprotective role by suppressing the activity of nearby neurons. We have here compared adenosine release from cultured astrocytes using a chemiluminescence assay (Kather et al, 1987; Martin et al, 2007) with the more traditional HPLC detection of purines (Cui et al, 2009; Goldman et al, 2010) . Our analysis show that cultured astrocytes do not release adenosine during mildly hypoxic conditions and that the chemiluminescence assay is unreliable. Consistent with our findings, a study using thin layer chromatography showed that tritium-labeled adenine nucleotides and adenosine released from astrocytes were not significantly affected by OGD treatment (Parkinson et al, 2002) . Similarly, adenosine release from astrocytes was not observed during OGD, but was enhanced after reintroduction of oxygen and glucose (Ciccarelli et al, 1999) . Furthermore, OGD significantly increased the release of purines from cultured neurons, but not from cultured astrocytes (Parkinson et al, 2002) . In agreement with this observation, OGD evoked tetrodotoxin-sensitive neuronal adenosine release in hippocampal slices (Pedata et al, 1993) . Neurons are more susceptible to hypoxia-induced cell death than astrocytes (Litsky et al, 1999) , which may correlate with a faster depletion of cellular ATP and thereby an increase in adenosine (Parkinson and Xiong, 2004) . Astrocytes contain large quantities of glycogen and can survive for long periods without oxygen, meaning that they are less reliant on glucose for ATP levels maintenance (Fillenz et al, 1999 ; et al, 2001) . One study has, however, been able to detect adenosine release from astrocytes in response to hypoxic conditions by flushing the spinner flask with 95% N 2 /5% CO 2 . In this study, astrocytes were cultured at high density on microcarrier beads and it is possible that the cells experienced more severe hypoxia during these conditions as a consequence of increased competition for O 2 (Kulik et al, 2010) . Based on the literature and the observations reported here, we conclude that it is more likely that highly metabolically active neurons are the source of adenosine released during hypoxic conditions, in accordance with earlier reports.
Shulman
The chemiluminescent adenosine assay is based on the principle that enzymatic degradation of adenosine into hydrogen peroxide (and uric acid) serves as a substrate for generation of photons in presence of horseradish peroxidase and luminol ( Figure 1A ). Since the metabolic products of adenosine also are present in biological samples, the specificity for adenosine is obtained by first adding the enzymes that degrade inosine, hypoxanthine, and xanthine. Adenosine deaminase is added in a second step after photon production in the first step has stabilized (Kather et al, 1987) . Our study was unable to reproduce the mildly hypoxic conditioninduced adenosine release (Martin et al, 2007) . It is possible that the difference in results reflect the use of serial two-step instead of single-step procedure. Our analysis indicated that it is critical to use the two-step principle, since it is not otherwise possible to discriminate between inosine and adenosine ( Figures 2C and 2D) . Notably, inability to discriminate adenosine from its assay metabolites would likely be confounding; it has previously been reported that metabolic disturbances, including inhibition of oxidative phosphorylation or glycolysis, induced B2to 4-fold more inosine and hypoxanthine release than adenosine release from astrocytes (Parkinson et al, 2002) . In addition, a study using spinal cord tissue preparations showed that hypoxia induces the release of intracellularly produced inosine. The hypoxia-induced increase of extracellular inosine was markedly higher than that of adenosine (Takahashi et al, 2010) . Moreover, although we found that the chemiluminescence assay accurately detected adenosine when the twostep procedure was followed, it was not possible to quantify adenosine in samples collected from hypoxic cultures even when the two-step procedure was used. During hypoxic conditions, most cell types, including astrocytes, release free-radical scavengers (Griffin et al, 2005; Schroeter et al, 1999) . Since the last step of the assay relies on hydrogen peroxide generated by xanthine oxidase, it is likely that the free-radical scavengers released from hypoxic cells will interfere with this last enzymatic step. In support of this mechanism, addition of low concentrations of an exogenous free-radical scavenger (17b-estradiol) potently reduced the lumines-cence readout ( Figure 2B ). Thus, cultured astrocytes do not release adenosine during mildly hypoxic conditions, and the chemiluminescence assay cannot be used for measurement of adenosine released in response to hypoxia.
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